The ability of olive endogenous enzymes activities β-glucosidase, polyphenol oxidase 2 (PPO) and peroxidase (POX), to determine the phenolic profile of virgin olive oil was in-3 vestigated. Olives used for oil production were stored for one month at 20 °C and 4 °C 4 and their phenolic content and enzymatic activities were compared to those of ripening 5 olive fruits. Phenolic and volatile profiles of the corresponding oils were also analyzed. 6
Introduction 1
Virgin olive oil (VOO) is exclusively extracted from olive fruits by means of mechanical 2 techniques (Clodoveo, 2012) . Olive constitutes a complex medium in which several en-3 dogenous enzymes such as pectinases, lipases, lipoxygenases, hydroperoxide lyases, beta-4 of POX activity corresponds to the amount of enzyme oxidizing 1 μmol of guaiacol per 1 min. 2
PPO activity assay 3
PPO activity was determined by constantly monitoring the increase in absorbance at 400 4 nm related to the oxidation of tert-butylcatechol (TBC) (Garcίa-Rodrίguez et al., 2011) . 5
One unit of PPO activity was defined as the amount of enzyme forming 1 μmol of TBC-6 quinone per min. 7 2.5.3. β-glucosidase activity assay 8 β-Glucosidase activity was determined spectrophotometrically by following the hydroly-9 sis of the synthetic glucoside p-nitrophenyl-β,D-glucopiranoside (pNPG) at 405 nm (ε = 10 552.8 M −1 cm −1 ), according to Romero-Segura et al. (2012) . One unit of β-glucosidase ac-11 tivity was defined as the amount of enzyme able to liberate 1 μmol of p-nitrophenol per 12 min. 13
Extraction of fruit phenolic compounds 14
Fruit phenolics were extracted according to a previously developed protocol (Garcίa-15 Rodrίguez et al., 2011) . Representative fruits samples (1.65 g) were kept at 4 °C during 16 24h with dimethyl sulphoxide (10 mL). The extracts obtained were filtered through 0.22 17 μm before HPLC analysis. 18
Extraction of VOO phenolic compounds 19
VOO phenolics were isolated by SPE on a diol-bonded phase cartridge (Supelco, fonte, PA) following a previously described procedure (Mateos et al., 2001) . A solution of 21 p-hydroxyphenyl-acetic acid (4.64 x 10 -2 mg/mL) and o-coumaric acid (9.6 x 10 -3 22 mg/mL) in methanol was used as internal standard in this extraction procedure. 0.5 mL of 23 standard solution was added to each oil sample (2.5 g). 24
Analysis of fruit and VOO phenolic compounds 25
Phenolic extracts were then analyzed by HPLC in a Beckman Coulter liquid chromato-1 graphic system equipped with a System Gold 168 detector, a solvent module 126 and a 2 Mediterranea Sea 18 column (4.0 mmi.d. x 250 mm, particle size 5 µm) (Teknokroma, 3 Barcelona, Spain) following a previously described methodology (Luaces et al., 2007) . 4
Quantification and identification of phenolic compounds was performed as described by 5
Garcίa- Rodrίguez et al. (2011) . 6
Stability of VOO 7
Oxidative stability was expressed as the oxidation induction time (h), measured with the 8
Rancimat apparatus Model CH 8970 (Metrohm AG, Herison, Switzerland) using an oil 9 sample of 2.5 g, warmed to 100ºC, and a purified air flow rate of 20 l/h. Three determina-10 tions per oil were carried out. 11
Extraction and analysis of VOO volatile compounds 12
Olive oil samples were conditioned to room temperature and then placed in a vial heater 13 at 40 °C. After 10 min of equilibrium time, volatile compounds from headspace were ad-14 sorbed on a solid-phase microextraction (SPME) fiber DVB/Carboxen/PDMS 50/30 μm 15 (Supelco Co., Bellefonte, PA). Sampling time was 50 min at 40 °C. Desorption of volatile 16 compounds trapped in the SPME fiber was performed directly into the gas chromatograph 17 (GC) injector. 18
Volatiles were analyzed using a HP-6890 GC equipped with a DB-Wax capillary column 19 (60 m × 0.25 mm inner diameter; film thickness, 0.25 μm; J&W Scientific, Folsom, CA). 20
Quantification and identification of volatile compounds was carried out following the 21 method described by Sánchez-Ortiz, Pérez, and Sanz. (2013) . Volatile compounds were 22 clustered into different classes according to the polyunsaturated fatty acid and the LOX 23 pathway branch origin. Quantitative data for every volatile class was done as previously 24 detailed by Sánchez-Ortiz et al. (2013) . 25
Statistical analysis 1
Data were statistically evaluated using Statgraphics Plus 5.1 (Manugistic Inc., Rockville, 2 MD). Analysis of variance (ANOVA) was applied, and comparison of means was done 3 by the Student-Newman-Keuls/Duncan test at a significance level of 0.05. 4
Moreover, the correlation between the amounts of total phenolics, o-diphenolics and se-5 coiridoid compounds and the oxidative stability of the oils was assessed by simple regres-6 sion applying the best fitting model (linear). The degree of correlation was expressed by 7 regression coefficient (r). 8
Results and discussion 9
POX, PPO and β-glucosidase activities were extracted and assayed in crude protein ex-10 tracts obtained from green mature Arbequina fruits stored during 4 weeks at two different 11 temperatures (4 and 20 °C ± 2 °C) in order to determine if endogenous enzymatic activi-12 ties levels could be correlated to the oils phenolic profiles. 13
Monitoring the olive endogenous enzymatic activities (POX, PPO, and β-14

glucosidase) during fruit ripening and storage 15
The evolution of POX activity in Arbequina olive seeds during ripening and fruit storage 16 at 4 and 20 °C is illustrated in (Figure 1 ). Concerning the POX activity during fruit ripen-17 ing from 24 to 28 WAF, the initial value was found to be low at early fruit maturation 18 stages (9.4 ± 0.2 U/g FW at 24 WAF). Then results demonstrate an increment on POX ac-19 tivity during the ripening with a maximum activity level equal to 13.93 ± 0.4 U/g FW at 20
28 WAF. These activities confirmed those reported by Garcίa-Rodrίguez et al. (2011) . 21
A gradual increase in seeds POX activities was also observed during storage, except in 22 the second week of fruits storage at 4 °C when the POX activity passed from 9.4 U/g FW 23 to 8.77 ± 0.3 U/g FW. Moreover, during the first week of storage, POX activities were 24 almost constant for both storage temperatures and were respectively. 11.36 ± 0.3 and 10.5 25 ± 0.2 U/g FW at 4 and 20 °C. On the contrary, during the second and third week of stor-1 age, POX activities were higher in olives stored at 20 °C compared to those stored at 4 2 °C. Maximum activity level was observed on the last week of storage, reaching 15 ± 0.6 3 U/g FW and 14 ± 0.5 U/g FW for Arbequina fruits stored at 20 and 4 °C, respectively. 4
Results show that POX activities in olives seeds during storage and ripening have almost 5 the same behavior with slightly higher activities in fruits stored at ambient temperature. 6
The evolution of PPO activity in olive fruit mesocarp during ripening and storage at two 7 different temperatures was shown in (Figure 1) . Results show that PPO activities decrease 8 during fruit ripening at both storage temperatures which was more marked when storage 9
was carried out at 20 °C. In fact, after one month of storage at 20 °C, PPO activity passed 10 from 287.1 ± 10.4 to 147.7 ± 24 U/g FW corresponding to 49% reduction in respect to the 11 initial value. However, when fruits were stored at 4°C, the diminution was only 24% 12 (218.4 ± 15.7 U/g FW) and followed similar pattern to that found in fresh harvested fruits. 13
In this sense, the PPO activity values found along Arbequina fruit ripening, were in good 14 agreement with previous studies on PPO activity in the fruits of Gordal and Manzanilla 15 olive varieties which had reported that olive PPO decreases sharply during the first month 16 of olive fruit development and then at a slower rate during fruit maturation and ripening 17 (Hornero-Méndez, Gallardo-Guerrero, Jarén-Galán, & Mínguez-Mosquera, 2002) . 18
As previously observed for POX activity, PPO activity in olive fruits stored at 4 °C fol-19 lowed the same trend that in fresh fruit, and was significantly different from those stored 20 at 20 ºC. 21
The olive β-glucosidase activity during ripening and storage was determined and results 22
were shown in (Figure 1 ). The activities found for both storage temperatures (4 and 20 23 °C) were almost equal on the first week of storage (31.2 ± 1.8 and 33 ± 2.1 U/g FW re-24 spectively). However, their behavior was very different during the last three weeks. In 25 fact, at 20 °C, the β-glucosidase activity fell considerably from 33 to 0.6 ± 0.2 U/g FW. 1
While, at 4 °C, it continued to increase until the third week of storage (57.2 ± 6.3 U/g 2 FW) and then decreased slightly at the last week of storage (50.6 ± 6.2 U/g FW). 3
Regarding, the β-glucosidase ripening evolution, the maximum activity was attained at 4 the 27 WAF (66.2 ± 4.5 U/g FW) and then decreased slowly to reach 54.3 ± 3.5 U/g FW 5 at the 28 WAF corresponding to the green-brown stage. The activity was high in green 6 fruit, when the oleuropein amount was highest and low in last stage when the oleuropein 7 concentration declined. These results were in accordance with those reported by Bitonti, 8 Chiappetta, Innocenti, Muzzalupo, and Uccella (2000) concerning the evolution of 9 oleuropein concentration at different ripening stages. In fact, in green fruits the debitter-10 ing, due to the hydrolysis of oleuropein, does not occur because enzyme and substrate are 11 in the separate cell compartments although the respective concentrations in tissues are 12 very high. In green-brown fruits the debittering is provoked by the damage of cell struc-13 tures, due to the senescence of tissues or pathogens injury or mechanical damage that 14 brings in contact β-glucosidase and oleuropein, despite lower enzyme activity. Moreover, 15
Mazzuca, Spadafora, and Innocenti (2006) showed that the β-glucosidase activity trend 16 during ripening appeared to be linked to oleuropein degradation and the release of glucose 17 and aglycones molecules, with the consequent physiological debittering of fruit tissues. 18
For these reasons, the clear decline on β-glucosidase activity from the first week of olive 19 storage at ambient temperature could be related to the accelerated ripening and to the 20 damage of cell structures happening during olives storage at high temperature (Garcίa et 21 al., 1996b) . However, at 4 °C, the decrease on β-glucosidase activity was lagged by 2 22 weeks compared to that determined in the ambient temperature storage. This may be re-23 lated to the fact that olive refrigeration delayed olive ripening and tissue softening (Garcίa 24 et al., 1996a; Yousfi et al., 2012) . 25
In conclusion, monitoring the olive endogenous enzymatic activities (POX, PPO, and β-1 glucosidase) during fruit ripening and storage showed a similar pattern between 4 ºC 2 stored fruits and fresh harvested ones. 3
Phenolic compounds 4
Given the importance of the phenolic fraction, the change in the phenolic compounds 5 over time in fruits and oils could be an essential quality control parameter of VOO. 6
To investigate whether the observed enzymatic activities changes correlate with fruits and 7 oils phenolic profile, the monitoring of fruits and oils phenolic compounds in different 8 experimental conditions (fresh harvested fruits and stored ones) was studied. 9
Behavior of phenolic compounds in fruits 10
11
The phenolic composition of fresh harvested and stored olive fruits is shown in Table 1 . 12
As illustrated, significant differences on phenolic composition were noted between sam-13 ples. Moreover, the most representative complex phenols identified in olive fruits were 14 oleuropein, dimethyloleuropein, hydroxityrosol and ligstroside. The content of oleuropein 15 decreased significantly during ripening and vanished after 4 weeks of storage at 20 °C. In 16 fact, the levels of oleuropein decreased from 7382.3 µg/g to 1840.5 µg/g (25% of its ini-17 tial content) during ripening. However, in fruits stored at 4 °C, oleuropein content in-18 creased during the two first weeks up to 10768.3 µg/g 19 Dimethyloleuropein, is a phenolic glycoside characteristic of the Arbequina variety, that 20 is considered by some authors as a degradation product of the oleuropein (Gomez-Rico et 21 al., 2008) . Dimethyloleuropein doubled its content during ripening. In fact, it passes from 22 6027.7 µg/g to 11399.8 µg/g from 24 to 28 WAF. In the same way, the content of this 23 compound also increased significantly during olive storage at 20 °C and the same pattern 24 was observed for hydroxityrosol. 25
Oleuropein degradation could explain hydroxityrosol and dimethyloleuropein concentra-1 tion increment. 2
The concentration of ligstoside decreases along ripening and storage particularly at 20 °C. 3
Phenolic compounds in the oils 4
Changes in oil phenolic profiles obtained from fresh harvested fruits and from olive fruits 5 stored at different temperatures are shown in Table 2 . Olive oils samples did not show 6 significant qualitative differences in their phenolic fraction profiles. However, significant 7 quantitative differences were observed for many of the phenolic compounds. 8
The most representative phenolic compounds were 3,4-DHPEA-EDA and p-HPEA-EDA. 9
In fact, the concentration of these two compounds in the VOO obtained from fruits har-10 vested at 24 WAF was 1.0951 ± 0.0545 and 0.452 ± 0.0258 µmol/g olive oil, respectively. 11
The secoiridoid compound p-HPEA-EA was not detected in this oil and other simple phe-12 nols, such as vanillic, cinnamic acid and p-coumaric acid, were detected in very low 13 amounts. Considerable changes were observed in oil phenolic composition obtained 14 through fruit ripening. The content of total phenolics, o-diphenolics and secoiridoids de-15 rivatives in the oils decreased about 20-25% from fruits harvested at 24 WAF to those of 16 28 WAF. 17
The total content of phenolic compounds, orthodiphenols and secoiridoids derivatives in 18 the oils extracted also decreased as the fruit storage period progressed. Moreover, the 19 negative effect of storage time on oil phenolic compounds was more noticeable when 20 storage was carried out at 20 °C than at 4 °C. In fact, when fruits were kept at 20 °C, the 21 reduction rate of these compounds was 90.31, 95.78 and 91.73% respectively whereas, at 22 4 °C, it was 22.5, 25.93 and 26.17 % respectively. 23
In addition, secoiridoids compounds, 3,4-DHPEA-EDA and 3,4-DHPEA-EA, were the 24 most affected phenolic compounds along the total storage period. Indeed, oil loses 28.81 25 and 97.07% of these compounds when fruits were stored at 4 °C and 20 °C respectively. 1 However, the loss of p-HPEA-EDA was 18.85 and 77.54 % at 4 and 20 °C. In the same 2 way, the reduction rate of 3,4-DHPEA-EDA, and p-HPEA-EDA was respectively 27.41, 3 and 13.59% during olive ripening. However, only 3.36% of 3,4-DHPEA-EA was reduced 4 during fruit ripening. 5
Concerning the phenolic alcohols, the tyrosol concentration varied between the analyzed 6 samples. In fact, it maintained its concentration during ripening and storage at 4°C and 7 decreased only after 3 weeks when fruits were kept at 20 °C. Tyrosol concentration may 8 be associated to the ligstroside aglycone and derivatives hydrolysis which contains tyrosol 9 as an aromatic alcoholic fragment. 10
However, hydroxytyrosol showed a decrease at the last ripening stage and after 4 weeks 11 of storage at 20 °C. It was noted that tyrosol concentration was higher than hydroxytyro-12 sol. This result was similar to those reported by several authors (Tsimidou, Papadopoulos, 13 & Boskou, 1992; Caponio, Allogio, & Gomes, 1999) . 14 Regarding flavonoids, for all samples the concentration of luteolin was higher than that of 15 apigenin. Moreover, the flavonoids contents of the oils extracted from olives stored at 4 16 °C were higher than those at 20 °C. 17
In oils extracted from stored olives at 4 °C, both luteolin and apigenin contents registered 18 a clear rise during all the storage period. However, in those extracted from olives kept at 19 20 °C, flavonoids contents increased until 2 weeks of storage and then decreased sharply 20 during the last two weeks of fruit storage. 21
The significant reduction of phenolic compounds found in the oils obtained from olives 22 stored at 20 °C can be related to the fact that high storage temperatures affect the physio-23 logical status of the olive fruits and accelerate the processes of fruit ripening. Moreover, 24 the olives suffer softening and become very sensitive to mechanical damage and to the ac-25 tion of pathogenic microorganisms which are able to metabolize a wide variety of aro-1 matic compounds, such as phenol and its derivatives (Watanabe, Hino, Onodera, Kajie, & 2 Takahashi, 1996) . However, olive refrigeration at 4 °C delayed deterioration of the fruit 3 in terms of physical, chemical, and sensorial quality so that VOOs obtained from cold 4 stored fruits retain good organoleptic and nutritional properties. In addition, low tempera-5 tures may have a bacteriostatic action by controling microbial development (Clodoveo et 6 al., 2007) . 7
In conclusion, our results revealed a very similar phenolic profile of the oils extracted 8 from fruits stored at 4 ºC and fresh harvested ones. Whereas, the oil extracted from fruits 9 kept at 20 °C has a very poor quality marked by its low phenolic content. 10 Moreover, our data showed that the β-glucosidase was the key enzyme directly related to 11 the oil phenolic profile since the sharp decrease in β-glucosidase activity after 3 weeks of 12 storage at 20 ºC was parallel to a dramatic decrease of phenolic compounds in the corre-13 sponding oils even if the fruit was rich in phenolic compounds. 14
Oil stability 15
The oil stability evaluates the time (hours) of their resistance to oxidation and plays a key 16 role in the assessment of the olive oil quality. 17
Oxidative stability, measured by Rancimat method, of the oils extracted during fruit rip-18 ening and storage was shown in Table 3 . Results showed that the oil stability was clearly 19 affected by fruit ripening and storage conditions. In fact the oil stability decreased with 20 olive maturation degree and storage. Moreover, this reduction was more important when 21 fruits were stored at 20 °C. Indeed, 60.62% of oil stability was lost when olives were kept 22 at 20 °C during 4 weeks, whereas only 20 and 15.93% was lost respectively during refrig-23 eration and ripening. Garcίa and Yousfi (2006) demonstrated that storage at low tempera-24 ture delayed olive fruit ripening and that VOO stability decreased with olive maturation. 25
The results obtained were in good agreement with those found in a previous study on Pic-1 ual fruits stored at 5 °C, 8 °C and ambient temperature during 60 days, in which the oil 2 stability decreased 35, 70 and 93% respectively. 3
Numerous studies have reported a correlation between phenolic compounds content and 4 oil oxidative stability. As described elsewhere, the contribution of phenolic compounds to 5 oil stability was estimated at approximately 30%, of fatty acids at 27% and of carotenoids 6 at 6% (Apparicio, Roda, Albi, & Gutiérrez, 1999). 7 Figure 2 showed the relation between the oil phenolics, o-diphenolics and secoridoids 8 content, with their corresponding oxidative stabilities. Data shown by this figure evi-9 denced a positive correlation between the oxidative stability measured by Rancimat and 10 total phenolics, o-diphenolics and secoridoid compounds analysed by HPLC. As illustrat-11 ed, the maximum correlation (r=0.985) was found between total phenols in oils extracted 12 from fruits stored at higher temperature and the resistance to oxidation. This result was 13 due to the lowest amounts of phenolics compounds in oils obtained from stored olive 14 fruits at high temperature and confirms the strict dependence between phenolic concentra-15 tion and oil stability. 16
Volatile compounds 17
Given that the aroma is a key quality parameter for VOO, the volatile profiles of the dif-18 ferent oils obtained were studied (Table 4) During olive fruit ripening an increase of C6 compounds was observed, from 22645 to 1 29770 ng/g oil. The contents of C6 compounds, in oils extracted from fruits stored at 20 2 °C decreased through storage. Whereas oils extracted from stored fruits at 4 °C showed a 3 progressive increase in these compounds until 2 weeks. These compounds are responsible 4 for the positive aroma perceptions in olive oils. 5
The trend of C5 compounds including also aldehydes and alcohols compounds was simi-6 lar to that of C6 compounds with a difference in the case of cold storage consisting in a 7 decrease of C5 compounds content after 1 week of storage at 4 °C. 8
The esters content was also significantly affected by temperature and storage period. In 9 fact, the content of these compounds was higher when fruits were stored at 20 °C than at 10 4 °C. Moreover, their concentrations reached highest level after 2 weeks of storage at 11 both temperatures. However, these values were lower than the concentration measured in 12 fresh fruits at the same period. 13
Conclusion 14
This study demonstrated that storage conditions affects VOO flavor quality. However, ol-15 ive refrigeration at 4 °C retarded deterioration in the oil quality parameters by delaying 16 alteration of the olive fruits. In this sense, for most quality parameters, a very similar pat-17 tern was observed between fruits stored at 4 °C and freshly harvested fruits. Thus, the 18 prolonged storage of fruits caused a decrease in corresponding oil phenolic content. This 19 negative effect was more noticeable when fruits were kept at ambient temperature (20 ± 2 20 °C) than at 4 °C. Journal of Agricultural and Food Chemistry, 57, [7983] [7984] [7985] [7986] [7987] [7988] Romero-Segura, C., García-Rodriguez, R., Sánchez-Ortiz, A., Sanz, C., & Pérez, A. G. 47 (2012) . The role of olive β-glucosidase in shaping the phenolic fraction of virgin olive oil. 48 Food Research International, 45 (1), 191-196. 49 Sánchez-Ortiz, A., Pérez, A. G.,& Sanz, C. (2013) . Synthesis of aroma compounds of 1 virgin olive oil: Significance of thecleavage of polyunsaturated fatty acid hydroperoxides 2 during the oilextraction process. Food Research International, 54, 1972 -1978 Servili,M., Taticchi,A., Esposto, S., Urbani, S., Selvaggini, R.,& Montedoro, G. (2008) . was assessed by simple regression applying the best fitting model (linear). The degree of 8 correlation was expressed by regression coefficient (r). 9 10 
